tate) and high detergent (0.5% Nonidet P-40) (Cairns et al., 1996 and data not shown). Taken together, these also contain five predicted coil domains ( Figure 1B) Figure 2D ). These results demonstrate that a Rsc3-cine (C14G) fully inactivated Rsc3 ( Figure 3C ), as did the analogous C15G substitution in Rsc30 ( Figure 3B ). Rsc30 heteromeric complex (presumably a dimer) forms efficiently outside of the RSC complex and strongly sugExpression of a Rsc3 derivative containing residues 1-216 or 1-360 also fails to complement rsc3⌬, suggesting gest that Rsc3 and Rsc30 operate as a heterodimer in RSC itself. that the zinc cluster and first two zippers are not sufficient for viability ( Figure 3C and data not shown). The C terminus mediates assembly into RSC, as these Rsc3 RSC3 Is Essential for Viability, Whereas rsc30⌬ derivatives are unable to assemble into RSC complex, Mutants Have Distinct Phenotypes though expressed at high levels (data not shown). In To understand the functions of RSC3 and RSC30 in vivo, addition, the C terminus of Rsc3 does not simply funcwe constructed deletion mutations (all strain genotypes tion as a transcriptional activation domain, as the addiare available in Supplemental Table S1 at www.molecule. tion of the acidic region from the herpes virus VP-16 org/cgi/content/full/7/4/741/DC1). Deletion of the RSC3 protein to Rsc3 1-360 does not confer viability to a rsc3⌬ gene prevented cell growth, as viability segregated 2:2 strain ( Figure 3C ). These results establish crucial roles ( Figure 3A) . In contrast, deletion of RSC30 had no effect for the zinc clusters of Rsc3 and Rsc30 and for the C on cell growth on standard rich media. However, slow terminus of Rsc3. growth is observed on media containing high salt (1.2 M NaCl) or on media containing formamide (2%) ( Figure  Isolation of Temperature-Sensitive 3B and data not shown). Sensitivity to these compounds Mutations in RSC3 has been observed previously for strains bearing mutaTo better understand the essential role of RSC3, we tions in the RSC components Rsc1, Rsc2, Arp7, and isolated temperature-sensitive alleles. Screens involvArp9 (Cairns et al., , 1999 and also for strains bearing 60,000 colonies yielded 49 Ts Ϫ mutants, all of which ing mutations in genes that regulate cell wall integrity were completely recessive to RSC3 ϩ . For three alleles, (Hampsey, 1997) . These results show that although Rsc3 the mutations were determined by sequencing the entire and Rsc30 can function as a heterodimer, they have gene. We find that rsc3-1 and rsc3-2 confer nearly identidistinct functions.
ity (
cal semipermissive temperatures, whereas rsc3-3 is significantly more sensitive to temperature ( Figure 4A ). Two alleles encoded two amino acid substitutions: rsc3-1 The Zinc Cluster Is Required for Rsc3 and Rsc30 Function (M709I and L828S) and rsc3-2 (L550F and L828S). To determine which replacement conferred the Ts Ϫ phenoWe find that a Rsc3 derivative lacking its zinc cluster is unable to complement a rsc3⌬ strain for viability (data type, rsc3 alleles bearing only one of these substitutions were prepared by site-directed mutagenesis. Phenonot shown). In a more rigorous test, replacement of a conserved cysteine residue in the zinc cluster with glytypic analysis shows that both mutations are required to confer temperature sensitivity ( Figure 4B ). The third undivided nucleus. These cells appear to have executed a second round of DNA replication without performing allele, rsc3-3, encodes four replacements (N110K, L115Q, I134S, and I570L) that were not separated. Westmitosis, suggesting defects in the spindle checkpoint pathway. Thus, Rsc3 function is required for proper ern analysis of these rsc3 Ts Ϫ mutants verified that all were expressed at the permissive temperature, with only metaphase progression.
rsc3-2 displaying a modest reduction at the nonpermissive temperature (data not shown). In addition, their in-
The G2/M Arrest of rsc3-3 Ts Ϫ Mutants Is Mediated by the Spindle Checkpoint Pathway teraction with RSC at elevated temperature was moderately reduced from 10%-50%, with some experimental Arrest at G2/M is mediated by the spindle or DNA damage checkpoint pathways. The spindle checkpoint monivariation observed (data not shown).
tors attachment of spindle microtubules to kinetochores and requires the Mad1 protein (Straight and Murray, rsc3 Mutations Confer a G2/M Cell Cycle Arrest Previous studies have shown that certain rsc Ts Ϫ mu-1997), whereas the sensing of DNA damage requires the Rad9 protein, among others (Weinert and Hartwell, tants display a G2/M phase arrest phenotype (i.e., certain sth1/nps1alleles), whereas others do not (i.e., rsc8 1988). To determine if either of these checkpoint pathways were engaged during rsc3 inactivation, we isolated and other sth1 alleles), suggesting that RSC has more than one essential function (Cao et al., 1997; Du et al., rsc3 mad1⌬ and rsc3 rad9⌬ double mutants and assessed cell cycle profiles, growth, and viability under 1998; Tsuchiya et al., 1992) . At the permissive temperature, all three rsc3 mutants tested show a normal cell different temperature conditions. For cell cycle profiles, we monitored budding profiles following an 8 hr shift to cycle profile as determined by budding profiles and FACS analysis (data not shown). However, all three of the nonpermissive temperature (Table 1) . Large-budded cells accumulated with nearly identical kinetics in culour rsc3 Ts Ϫ mutants accumulate primarily as largebudded or multibudded cells at 38ЊC (Table 1) or rsc3-2 mutants. This behavior of rsc3-3 was unexthe pathway but confer additional defects that result in G2/M arrest. pected, as the single sth1 mutant tested previously displayed decreased growth and viability in combination To assess growth, we monitored colony formation at permissive (28ЊC), semipermissive (35ЊC), and nonperwith mad1⌬ (Tsuchiya et al., 1998), and as rsc3-3 is the allele most sensitive to temperature. These results show missive (38ЊC) temperatures. We observed no difference in growth rate with rsc3 rad9⌬ combinations (data not that rsc3-3 activates the spindle pole checkpoint pathway. The rsc3-1 and rsc3-2 mutations may also activate shown). However, certain rsc3 mad1⌬ combinations show improved growth at all temperatures compared rsc30⌬ phenotypes ( Figure 5C ), suggesting that overexpressed Rsc3 is capable of performing certain Rsc30 to rsc3 alone ( Figure 4D) . Here, the ability of mad1⌬ to restore growth ability (at 35ЊC) is striking with cells functions. Importantly, Rsc3 coprecipitates with Sth1 in extracts derived from rsc30⌬ cells almost as efficiently bearing rsc3-3, modest with cells bearing rsc3-2, and nonexistent with rsc3-1. This suggests that rsc3-3 mutaas those derived from RSC30 ϩ cells, showing that Rsc3 does not absolutely require Rsc30 to interact with RSC tions engage the spindle pole checkpoint pathway at 33-35ЊC, but that the defect conferred is not lethal. How-( Figure 5D ). Taken together, these results suggest that Rsc30 assists certain Rsc3 functions but is not required ever, no suppression is observed at 38ЊC, suggesting that rsc3 mutations (including rsc3-3) cause lethality at unless Rsc3 function is impaired (see Discussion). higher temperatures, not simply a "false" triggering of the spindle pole checkpoint pathway.
Rsc3 and Rsc30 Are Required for the Proper Regulation of Genes that Regulate Cell Wall To assess viability, we shifted cultures from 28ЊC to the nonpermissive temperature (35ЊC for rsc3-3 and
Integrity as Well as Ribosomal Protein Genes
The presence of a zinc cluster domain in Rsc3 and Rsc30 38ЊC for rsc3-1 and rsc3-2) for either 4 or 8 hr and determined the percentage of viable cells. We find that suggests that Rsc3 and Rsc30 are RSC-targeting molecules. However, aggregation problems with recomall three rsc3 mutations confer a similar, rapid loss of viability; only 40% or 5% of cells remain viable after 4 binant Rsc3 proteins and the presence of other nonspecific DNA binding domains in other RSC proteins or 8 hr, respectively. Consistent with our previous results, we find that the mad1⌬ mutation greatly improves prevented us from isolating the Rsc3/30 binding site through PCR amplification methods. Therefore, we used the viability of rsc3-3 mutants, allowing nearly full viability at 4 or 8 hr. In contrast, no effect on viability is DNA microarray analysis followed by S1 nuclease or Northern analysis to identify genes whose transcription observed with rsc3-1 or rsc3-2. Taken together, these results show that the rsc3-3 defect is not serious as is affected by loss of Rsc3 or Rsc30 function, as a method of identifying candidate Rsc3/30 targets and long as arrest does not occur, as elimination of the checkpoint allows improved growth and viability. In conto understand the impact of Rsc3 and Rsc30 on gene expression. trast, the rsc3-1 and rsc3-2 defects confer a serious problem at G2/M that does not depend on the checkWe find that the absence of RSC30 does not affect the transcription of the vast majority of yeast genes, as point, as viability is low regardless of its presence.
only 72 genes were downregulated more than 2-fold, and 160 genes were upregulated more than 2-fold. Howrsc3 Mutations Are Lethal in the Absence of RSC30 and Are Suppressed by Increased RSC30 ever, among those that are strongly upregulated are 43 small and 58 large ribosomal protein (RP) genes; 101 of The presence of a Rsc3/Rsc30 heterodimer raises the possibility that Rsc30 helps regulate Rsc3 functions (and the 137 RP genes. We also observe pronounced alterations in the transcription of several genes that regulate vice versa). We find that either a high-copy or low-copy plasmid bearing RSC30 fully suppresses all three rsc3 cell wall integrity and responses to cell stress ( Figure  6A) , as well as genes involved in translational initiation alleles ( Figure 5A ). However, increased Rsc30 is not performing (or bypassing) all Rsc3 functions, as highand elongation (see Supplemental Table S2 at www. molecule.org/cgi/content/full/7/4/741/DC1). For rsc3-2 copy RSC30 is not able to suppress rsc3⌬ (data not shown). In addition, cells bearing rsc3 Ts Ϫ and rsc30⌬ mutants, only 109 genes were downregulated more than 2-fold, and 111 were upregulated more than 2-fold. Remutations cannot be isolated (Figure 5B ), providing further evidence that Rsc3 and Rsc30 work together. Also, markably, the majority of the transcriptional changes observed in rsc3 mutants differ from, or are in opposition an extra copy of RSC3 in a rsc30⌬ strain largely rescues to, the changes observed in rsc30⌬ mutants; rsc3 mushifted to rich media containing glucose for 8 hr, and mRNA was isolated for S1 analysis. In these experitants show decreased transcription of many RP genes and a different pattern of cell wall gene expression (Figments, the expression of many genes involved in heat shock or cell stress response, such as HSP150 and ures 6A and 6B). To ensure that our microarray results reported true differences in mRNA abundance, we per-KAR2, were only slightly affected. However, levels of RP genes and many cell wall regulators, such as CWP1 formed S1 nuclease assays and Northern blot analysis on several transcripts and observed nearly identical (cell wall protein 1), SCW11 (soluble cell wall protein 11), and OPI3 (phospholipid N-methyltransferase), are changes ( Figures 6C and 6D) .
Alteration of cell wall gene expression fits well with our lowered at least 2-fold, in keeping with S1 and microarray experiments with rsc3 mutants. These experiments genetic phenotypes, as both Rsc3 and Rsc30 mutants show sensitivity to compounds that challenge cell wall do not establish whether the alterations observed are a direct result of RSC remodeling these loci, or indirect. integrity. In regard to cell cycle arrest, we did not observe dramatic differences in the transcription of imporAs RP gene expression is sensitive to cell wall integrity, it is quite possible that RP genes are affected as a tant regulators of mitosis, such as CLB2, CLB3, or CSE4. The rereplication of DNA observed in rsc3 mutants sugconsequence of cell wall problems. However, these results provide further evidence that Rsc3 and Rsc30 have gests defects in the Bub2 arm of the spindle checkpoint (Alexandru et al., 1999) ; however, our microarray analydifferent functions, as mutations in these genes have a different impact on the regulation of certain cell wall sis did not reveal significant changes in the transcript levels of BUB2, BYR4, CDC14, CDH1, or TEM1.
genes and RP genes. Other studies have shown that a subset of the cell wall integrity genes uncovered in our analysis are induced by rsc3 paf1 Combinations Confer Sickness, and rsc3 pkc1⌬ Combinations Confer Lethality heat shock itself (Lashkari et al., 1997) . Although all of our analyses compared the profiles of heat-treated wildTo understand how Rsc3/Rsc30 function may relate to the regulation of cell wall genes, rsc3 and rsc30 mutatype cells to heat-treated mutants, we also depleted Rsc3 by placing the wild-type RSC3 gene under the tions were combined with mutations in the cell wall regulators PKC1, BCK1, and PAF1. Paf1 is a member of control of a GAL1 promoter. Galactose-grown cells were a PolII holoenzyme complex and is important for the transcriptional activation of cell wall genes in response to Pkc1 signaling (Chang et al., 1999) . We find that combining rsc3 mutations with paf1⌬ causes severe sickness even at 28ЊC, whereas combination with rsc30⌬ has little effect (data not shown). Pkc1 is known to transduce cell wall and plasma membrane stress signals (such as low osmolarity) from the membrane to a MAP kinase pathway consisting of Bck1, Mkk1/2, and Slt2, and pkc1⌬ mutants require the presence of 1 M sorbitol in the media for viability, an osmotic stabilizer which increases intracellular glycerol. Importantly, we find that the Ts Ϫ phenotype of all three rsc3 mutants is fully suppressed by 1 M sorbitol (data not shown), again suggesting that rsc3 mutations affect cell wall integrity or osmotic stability. Pkc1 signaling also mediates the repression of RP genes following cell wall/membrane stress, but the mechanism is not well understood (Warner, 1999). We find that rsc30⌬ pkc1⌬ double mutants display no new phenotypes. However, rsc3 mutations are nearly lethal when combined with a pkc1⌬ mutation, requiring ten days to form small colonies on rich media plates containing 1 M sorbitol at 28ЊC. In contrast, rsc3 bck1⌬ mutants display no new phenotypes, strongly suggesting that the lethality derived from rsc3 pkc1⌬ combinations is due to functions of Pkc1 that are independent of the Bck/Mkk/Slt MAP kinase pathway.
Further evidence of a functional connection between Rsc3/30 and the Pkc1 pathway was provided by highcopy suppression studies. Here, we tested PKC1 and also GLC7, a phosphatase known to work with PKC1 to regulate cell wall integrity. We find that high-copy PKC1 or GLC7 suppresses the caffeine and formamide sensitivities of rsc3-3, while the Ts Ϫ phenotype is not suppressed (data not shown). This result shows additional differences between rsc3 alleles and provides additional support for Rsc3 in regulating cell wall function. 
Discussion

Rsc3 and Rsc30, Paralogs that Interact Physically but
One possible explanation is that rsc3 mutants improperly express (or repress) genes in G2/M, which leads to Perform Different Cellular Roles In spite of their similarity, Rsc3 and Rsc30 have different cell cycle arrest and/or mitotic death. For rsc3-1 and rsc3-2 mutants, this misregulation would involve genes functions, as RSC3 is an essential gene, whereas rsc30⌬ mutants show limited phenotypic defects. Our data that cause a rapid mitotic death. In contrast, rsc3-3 mutants may initially trigger an arrest, followed by a show an important function for the zinc cluster, as single-amino acid replacements (C14G for Rsc3 and C15G slow accumulation of gene products that cause mitotic death. Thus, elimination of the checkpoint pathway for Rsc30) confer null phenotypes. All characterized zinc cluster proteins bind specific DNA sequences (i.e., Gal4, would rescue only rsc3-3 mutants, as they would avoid the arrest and accumulation. Alternatively, Rsc3 may be Hap1, Ume6, Ppr2, Leu3, etc.) (Schjerling and Holmberg, 1996). Based on these precedents, it is reasonable to involved in targeting RSC to centromeres. An effect of RSC on the function of centromeres has been suggested propose that the zinc clusters of Rsc3 and Rsc30 bind DNA and that they help target RSC to particular loci.
previously ( ISWI are important for the proper regulation of many genes, they are not absolutely essential for mitotic 1998). In contrast, our rsc3 alleles show a rapid loss of viability that is not exacerbated through combination growth. In contrast, almost all RSC members are essential. The rsc phenotypes revealed here, such as cell wall with mad1⌬. In fact, we observe a marked increase in growth and viability when the mad1⌬ mutation is comstability and a G2/M cell cycle arrest, are also unique to RSC and are not observed with swi/snf or iswi mutants bined with the rsc3-3 mutation.
Presently, the basis for the arrest and loss of viability is (Tsukiyama et al., 1999). In addition, the genes impacted by rsc3 and rsc30 mutations overlap little with swi/snf not known, nor is the mechanism of mad1⌬ suppression. Normalized data for two duplicate experiments was averaged and The RSC30 gene was isolated from ATCC genomic cosmid #71209 analyzed using the program GeneSpring (Silicon Genetics). Additional and cloned into the pRS series of vectors. Plasmids used to direct microarray data are presented in Supplemental Table S2 (see www. the synthesis of portions of Rsc3 and Rsc30 fused to glutathione molecule.org/cgi/content/full/7/4/741/DC1). The raw data are available S-transferase (GST) were constructed using the pGEX3X (Pharat www.hci.utah.edu/groups/cairns. macia). rsc3 (bp 706-1306) and rsc30 (bp 1958-2624) were amplified by PCR and cloned into pGEX3x.
